Attosecond electron bunches produced at the surface of nanometer-scale droplets illuminated by a two-cycle laser pulse are investigated for the purpose of determining their optimal emission characteristics. Significant departures from Mie theory are found for electron bunch emission from droplets whose radii satisfy the condition δ r < R < 10δ r , where δ r ¼ γ 1=2 c=ω p is the plasma relativistic skin depth; an effect which can be accounted for by induced transparency. Scattering from such droplets is subject to a transitional regime which is neither accounted for by optical Mie theory valid for R ≫ δ, where δ is the usual plasma skin depth, nor with the Rayleigh regime (R < δ ≪ λ). Instead the angular emission of the bunches is to a good approximation described by the nonlinear ponderomotive scattering model. Subsequently, the bunches are subject to further deflection by the ponderomotive pressure of the copropagating laser field in vacuum, depending on the initial droplet parameters. Final emission angles are estimated, together with the energy spectrum of the bunches.
I. INTRODUCTION
Ultrashort electron bunches created by the interaction of high-intensity, femtosecond laser pulses with plasma targets have received much interest recently because of their potential as a powerful source of attosecond X-ray pulses. The latter can be produced in X-ray tube fashion by bombarding a secondary target with the electron bunches, and have an immediate application in ultrafast X-ray microscopy and atomic dynamics studies. Several mechanisms have already been proposed for producing collimated attosecond electron bunches, such as vacuum acceleration by tailored laser pulses [1] , interaction of p-polarized laser pulses with overdense plasma boundaries [2] , stochastic slicing of electron pulses [3] , interaction of laser pulses with nanofilms [4] , inverse free-electron laser interactions [5] , laser-illuminated droplets [6] , laser illuminated ultrathin plasma layers [7] and attosecond electron sheets from plasma wakefields [8, 9] . Among these various techniques, masslimited droplet targets may offer a number of advantages in terms of the electron bunch properties such as high density and low emittance. The ionization and heating mechanisms in laser-illuminated rare gas clusters or droplets have been thoroughly investigated in recent years, as summarized in Refs. [10] [11] [12] . Other work with clusters has concentrated on the ion dynamics in cases for which the size and density of the cluster give rise to complete ionization, resulting in a Coulomb explosion and high proton energies [13] . A general review on laser cluster interaction dynamics is presented in Ref. [14] . Quite recently, nonlinear optical behavior induced by the interaction of micron-sized clusters with strong nearinfrared or optical laser pulses has been analyzed [15] , primarily in the nonrelativistic regime, i.e., laser intensities below 10 18 W=cm 2 . Despite this wealth of prior work, little attention has so far been paid to the dynamical behavior of droplets whose radius is small compared to the incident wavelength, i.e., a few hundreds or even tens of nanometers, illuminated by laser light at intensities I > 10 19 W=cm 2 . However, such a physical scenario is now accessible at a number of laser laboratories [16] , and is therefore a favorable target configuration for producing energetic electron bunches. A previous investigation on electron bunch generation that serves as a useful baseline for the present work is that by Liseykina et al., [6] who focused their attention on lowdensity (Helium) droplets interacting with a 16-cycle laser pulse. State-of-the-art, few-cycle (5 fs) pulses at relativistic intensities allow analogous but potentially cleaner conditions for investigating the cluster interaction dynamics. Recent experimental work [17] has demonstrated attosecond control of the collective electron motion and directional emission from isolated dielectric SiO 2 nanoparticles with phasestabilized two-cycle laser pulses. So far such experiments have been performed at relatively low field intensities, where the response of the medium is still linear; however, free nanoparticles have been discovered to be particularly advantageous for studying the nonlinear regime in very strong fields, such as those generated by relativistic laser pulses.
Ultrashort pulses have the particularity of allowing the measurement of electron dynamics without any significant influence by the motion of the nuclei during the laser time scale, thus allowing investigation of novel highly nonlinear regimes for the instantaneous response of the solid medium to ultraintense illumination. The remainder of this paper is structured as follows: first we describe the numerical model used for the investigation, illustrating some of the typical characteristics of electron bunch emission in the few-cycle, high-intensity regime. Next, we summarize the main findings concerning the emission angle and proceed to discuss these results in terms of available theories. Finally we conclude with an outlook on near-term experimental work.
II. SIMULATION DETAILS
To begin with we demonstrate efficient generation of ultrashort dense electron bunches at the surface of a small droplet illuminated by a two-cycle (fwhm ¼ 5 fs) ultraintense Gaussian laser pulse; in contrast to Ref. [6] our spherical nanotargets have a solid-like density of n ¼ 100n c , where n c ¼ 1.8 × 10 21 cm −3 is the critical density for 800 nm wavelength light. Clusters with a range of sizes have been considered, starting with a much smaller radius than the laser focus, namely of 100 nm, comparing their dynamics with clusters up to a 1 micron radius, that is, a size comparable to the focus. The intensity of the laser was varied between 10 17 − 10 21 Wcm −2 to determine scaling behavior for the emitted particles' energies and emission angles. The focus of the Gaussian pulse has been kept fixed to 1 micron, after verifying that the interaction dynamics does not change for variations up to 3 microns. Our simulations have been performed with the particle-in-cell code EPOCH [18] , mostly in two dimensions with a few three-dimensional runs for comparison. The simulation box size was varied from 4-20 μm, depending on cluster size and intensity, while the cell size was kept fixed at ≈ 8 nm. The number of simulation particles was chosen to maintain sufficient statistics for different cluster sizes, ranging from 34 × 10 6 (equally subdivided among ions and electrons) for the 100 nm droplet, to 34 × 10 7 for the 1 micron droplet. . Angles are measured relative to the center of the most dense region of the bunch. The logarithmic density scale is normalized to the critical density n c ¼ 1.8 × 10 21 cm −3 , so that the maximum value corresponds to 100n c . The maximum absolute value of the electric field is 3.5 × 10 13 V=m.
The dynamics of the electrons expelled from the droplet proves to be quite complex: early emission occurs after the first half-cycle of the pulse, the emitted bunches are then deflected forming several optically thin cusps at different inclinations at the rear side of the cluster, depending on droplet size and laser intensity. The electrons appear to interact with the pulse twice, first when they are still near the droplet surface and later during escape in vacuum. A typical example of this phenomenon is shown in Fig. 1 . It is also noticeable how the laser field itself is perturbed by the co-propagating emitted bunches, which sit close to the field null-points.
III. RESULTS
We now proceed to investigate the emission angle distribution as a function of the laser intensity and droplet size, in order to predict when and where the most intense bunches might be detected experimentally. On the 10 fs interaction time scale relevant to the few-cycle laser drivers considered here, the dynamics of the electrons and ions are well separated: as far as the electron bunch generation is concerned, the ion dynamics can be ignored. The electrons start to move as soon as the leading edge of the laser pulse reaches the droplet; their subsequent dynamics depends on the droplet size and the laser intensity. Two physical processes can in principle contribute to the final angular emission of electron bunches: (i) Mie scattering theory [19, 20] and (ii) ponderomotive scattering [21] . It turns out that there is a transition between these two effects for particular combinations of the laser and target parameters.
In fact our numerical results already show departures from Mie scattering patterns as in [6] for droplets whose radius is lower than λ=2 at relativistic laser intensities. Electrons are emitted along two alternating directions corresponding to the same optimal angle but different orientation within the polarization plane (of the laser electric field), with respect to the laser propagation axis, (0°); these angles depend also on the intensity rather than only the droplet size, in contrast to the linear Mie regime FIG. 2 . Logarithmic plot of the electron number density for a 100 times overdense droplet with R ¼ 100 nm as it evolves in the field of a linearly polarized Gaussian laser pulse with I ¼ 10 20 W=cm 2 . The contoured regions represent the dense regions which can be identified as the proper nanobunches, at, respectively, t ¼ 10 fs (left) and 15 fs (right) after the start of the laser-droplet interaction. Two main perspectives are represented: xy-plane view (up) and xz-plane (down).
described later in Sec. IVA. The angular emission for different representative droplet sizes as a function of the intensity is summarized in Fig. 3 ; angles inferred from simulations are measured while the laser is passing through the droplet, i.e., on the attosecond time scale. Two limiting cases are immediately apparent from Fig. 3 : the low intensity, large droplet radius case (bottom left), and the high intensity/small radius limit where the simulations follow the ponderomotive scattering behavior. In order to verify that the electron bunch emission occurs within the laser wave polarization plane, we have investigated the early laser-droplet dynamics by repeating some of the simulations in 3D. In order to maintain the same accuracy at manageable computational cost, a reduced box of 6 × 4 × 4 μm has been chosen, in order to fully represent in detail the first 20 fs of electron motion. The evolution of electron number density shows the initial emission of the bunches in a spherical geometry, and their subsequent alignment in the polarization plane together with the outgoing wave (see Fig. 2 ), thus confirming our assumption that the final directions of propagation can be studied and determined by means of 2D simulations only.
IV. DISCUSSION
In the following we discuss the results of Fig. 3 in detail, and attempt to explain the differences between the emission angles observed in the simulations and the behavior expected in the linear (Mie) and relativistic regimes, respectively.
A. Emission angles according to Mie theory
The linear optical or Mie-regime of electromagnetic wave scattering from a spherical conductor is characterized by the existence of a field enhancement pattern at different orientations on the surface. In order to fully compare our simulations with this regime, the scattered spatiotemporal surface field as predicted by Mie theory for several droplet sizes is presented in Fig. 4 . In our Mie calculation, which uses the program of Ref. [20] the droplet is conducting with dielectric constant ϵ ¼ 1 − ω 2 p =ω 2 , and the incident plane wave field is E inc ðz; tÞ ¼ E 0 cosðkz − ωtÞ with a constant amplitude. From Fig. 4 it is clear that for the smaller droplets the angle of maximum field enhancement approaches π=2, whereas for bigger droplets the first maximum is closer to the laser pulse axis (θ ¼ 0), and secondary maxima also appear.
The field enhancement in this direction seen is up to a factor of 4, somewhat higher than the maximum radial field at the surface predicted by theory in the small cluster limit. In the latter case kR ¼ 2πR=λ ≪ 1 (where R is the radius of the droplet), and the following formula holds:
which would yield E max r ≈ 3E 0 in the high density limit
The deviation is reasonable considering that in our case kR ≈ 0.79. However, in the simulation output the enhancement of the electric field is lower and transient; it can hardly be inferred from electric field images and detailed vectorial calculations both in 2D and in 3D yield a factor ranging from 2 for the smallest droplets to just slightly above 1 for the bigger ones. This could be due to the fact that the above calculations do not include inwardscattered waves which could weaken the field at the surface. Another issue could be related to the construction of the dielectric in the PIC simulations; the charge is calculated at grid points and assembled during the field evolution, so that a dielectric constant is no longer a good approximation. Mie theory is based on the assumption that the condition R ≫ δ is satisfied, where δ ¼ c=ω p is the plasma skin depth. It also neglects ionization, which also could produce a temporal variation in the dielectric constant. As a consequence, the refraction index of the medium is not maintained; however, we consider this effect as of secondary importance when high laser intensities are reached and do not include it in our simulations. Therefore we can assume a constant ϵ for all cases in spite of the intrinsic limitations in particle-in-cell calculations. A general result is found, as clearly manifest from Fig. 3 , that in interactions with smaller droplets (R ¼ 100-200 nm) the observed emission direction diverges from the constant angle predicted by Mie theory as soon as the laser intensity becomes relativistic. 
B. Relativistic regime: Ponderomotive scattering
The discrepancy between the predicted Mie angles of Fig. 4 and the actual emission angles of the electrons clearly has its origin in some other physical mechanism during the ejection of the electron bunches. A few remarks can be made here regarding this issue. First of all, in our simulations we are dealing with an ultrashort tightly focused Gaussian laser pulse, which cannot be straightforwardly approximated by an infinite plane wave of constant amplitude as assumed in Mie scattering. Mie theory constructs a finite numerical expansion of the constant plane wave in terms of spherical vector wave functions in order to calculate the scattered and absorbed radiation, which may not be valid for a finite-size modulated waveform. Furthermore, in our cases the laser intensity is relativistic, whereas the linear Mie theory is only valid for small field amplitudes, i.e., eE L =mωc ≪ 1.
On the other hand, the observed transition only occurs for droplets with R < λ=2 which means that the transition is both size-and intensity-dependent. In order to explain this, we need to reexamine the usual condition for the validity of the Mie optical regime, namely that the radius of the droplet is far greater than the plasma skin depth. This is necessary because Mie theory assumes that the electromagnetic fields inside and outside the droplet undergo a smooth transition at a sharp, infinitely thin boundary between the droplet and its surroundings. When the size of the droplet is less than its skin depth the fields see it as a surface rather than a bulk medium, and the laser pulse is not completely screened from the interior, thus being transmitted rather than reflected. The scattered field then has little influence on the dynamics of the emitted electrons.
Our simulation results for 100-200 nm droplets are not in agreement with any of these models but the parameters suggest that this represents a transition regime where R ∼ δ r ; where δ r ¼ ffiffi ffi γ p δ, the larger effective skin depth resulting from relativistically induced transparency. [22] Here the effective plasma frequency is ω r p ¼ ω p = ffiffi ffi γ p and therefore for γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi 1 þ a 2 0 p ≈ 5-20, we have δ r ≈ 40-60 nm, which is of the same order as the radius R for the smaller droplets. In this regime it makes more sense to use a relativistic interaction model such as the ponderomotive scattering of electrons by an intense field in the laser focus as treated, for example, in [21] , and first demonstrated by Meyerhofer [23] and Malka [24] .
Following the study in Ref. [21] , the scattering angle of a single electron in the laser focus in vacuum is given by
where γ, γ 0 , and β 0 are, respectively, the final energy, the initial energy and the normalized parallel velocity of the particle: for an electron initially at the rest on the droplet surface, γ 0 ¼ 1 and β 0 ¼ 0, in which case Eq. (2) reduces to θ 0 ¼ arctan ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2=ðγ − 1Þ p , the black curve drawn in Fig. 3 .
C. Electrostatic deflection
Although the ponderomotive model reproduces the general trend of the simulation results, there is still some additional deflection not accounted for at higher intensities. During the motion of the bunches the fronts appear to be bent by the differential action of radiation pressure force on higher and lower density regions: the latter have a smaller reflection index and feel a smaller pressure thus lagging behind the laser pulse in time. The ponderomotive pressure induces oscillations in the momenta, whose amplitude is lower in the most dense regions due to the fact that they feel a greater restoring force. Such dense regions are overcritical (n b > n cr ) for relativistic laser intensities and can be identified as proper bunches due to their narrowness. They can be described in terms of two parameters, namely the number of particles N b they contain and their longitudinal thickness d b . In Fig. 5 a one-dimensional lineout of the electron density along the propagation direction of the bunches has been drawn for a 100 nm droplet hit by a laser pulse of intensity I ¼ 10 20 W=cm 2 at a time of 16 fs after the interaction. The four bunches correspond to those in Fig. 1c and are aligned along the orientation predicted by Eq. (2). Furthermore, their spatial extension is about d b ¼ 100 nm.
As long as the electrons kinetic energy overcomes the electrostatic potential energy of the bunch (Coulomb barrier threshold), that is, N b ϵ e > e 2 N 2 b =d b , [25] the normal component of the momentum is progressively reduced by an amount corresponding to the space-charge force contribution from the ionized droplet. This causes a further lowering of the angle of propagation of the dense bunches. Such an evolution takes place as soon as the laser intensity is relativistic: for a 100 nm droplet and a laser intensity I ¼ 10 19 Wcm 2 one can estimate N b ≈ 10 8 and d b ≈ 100 nm from the simulations, and the corresponding threshold energy of 1.4 MeV is easily overcome. Such a spatial extension of the bunches corresponds to a duration of 300 attoseconds and a total charge yield around 10 pC, or a current of 33 kA; for higher intensities, a few tens of pC can be reached, at least when the bunches are ejected from the surface of the droplet, as discussed later in Sec. IV E. Defining p ⊥ and p ∥ as the components of the momentum along the perpendicular and tangential directions with respect to the droplet surface, the emission angle θ ¼ arctanðp y =p x Þ changes from the initial scattering angle θ 0 [see Eq. (2)], due to a lowering of the absolute value of p ⊥ , in a symmetrical way as described for [25] in the case of bunches copropagating at some angle together with a reflected pulse. Making the equations explicit we have (see Fig. 6 for geometrical visualization): Equations (3) are only valid in the range of intensities 10 19 − 10 21 W=cm 2 , with the Coulomb explosion regime presenting the peculiarity of an emission concentrated along the laser pulse axis, and the angular deviations are shown in the corresponding curves in Fig. 3 . An example of this additional deviation for a laser intensity I ¼ 10 20 W=cm 2 and a droplet of 100 nm radius is displayed in the montage plot Fig. 1 of the electron density evolution at times corresponding to the initial Mie and ponderomotive emissions, followed by the further deviation of the bunches in vacuum. The predicted deviation for an electron in a bunch emitted at 17°is a lowering of its inclination down to θ 0 ≈ 6.9°, in good agreement with the direction of the most dense bunches fronts observed at t ≈ 20 fs after the interaction.
D. Post-propagation effects
Once the bunches have left the droplet they start traveling in the field of the scattered laser pulse, analogously to what happens when a short laser pulse is reflected from a finite-sized plane target as described in Ref. [25] . In our case, however, most of the pulse is actually transmitted rather than reflected, so that the highest field gradients are in the rear side vacuum region, where also most of the electrons are expelled- Fig. 7 .
The evolution of the motion of the bunches while they are co-propagating with the laser wave is illustrated in Fig. 7 , where the electric field energy density and the electron number density have been superposed on the same plot, showing the spatial coincidence between the field maxima and the regions where the electron bunches are actually sitting. This happens for all sizes, however, for the bigger droplets (i.e., 1 micron) the reflected field shows an intensity comparable with the incident and scattered ones, even if only at later times, after the electron bunches have already well escaped in vacuum. During the motion, the nanobunches spread out along the emission direction predicted in Fig. 3 , which is however maintained as their axis direction. One can easily infer that this will happen also at even later times, for example when the bunches hit a detector at a time of the order of seconds after the start of the interaction. The peak in the signal generated by the bunches should then be still in the predicted spatial orientations, but there could be changes in the magnitude of the emittance which cannot be quantitatively determined by means of the present simulations.
An upper limit to the copropagation time, neglecting 3D diffraction effects, can be estimated as follows: if τ l is the laser pulse duration, the co-motion of the laser wave and the electrons lasts for a period t ¼ cτ L =ðc − vÞ ≈ τ L ðϵ e =m e c 2 Þ 2 , where ϵ e is the mean electron kinetic FIG. 7 . Electric field energy density (in legend), superposed with the logarithmic plot of number electron density (in units of critical density 1.8 × 10 27 m −3 ) for a droplet with radius 100 nm (above) and 1 micron (below) respectively hit by a laser pulse of intensity I ¼ 10 20 W=cm 2 at times ≈ 3 fs (a), 8 fs (b), 16 fs (c). Angles are measured considering the center of the most dense region of the bunch. In the logarithmic density scale, the maximum value corresponds to the critical density (see Fig. 1 
mm travel distance. This assumes that the bunches' trajectories remain parallel to the EM wavefronts, which may not be the case after allowing for diffractionespecially for tight laser foci-an effect which would shorten the copropagation time. Diffraction also reduces the intensity of the local laser field experienced by a comoving bunch and may lead to further longitudinal spreading over many Rayleigh lengths. In our simulations, the bunches have already acquired a stable form at one Rayleigh length, an observation confirmed in additional simulations for the 100 nm radius droplet and 10 20 Wcm −2
laser intensity for different focus sizes up to 3 microns. In these cases no significant attenuation effects up to a distance of 6 micron from the droplet surface were found. However, a complete treatment of the full propagation of the bunches into the far field, i.e., distances of the order of cm, is beyond the scope of this work. In general a detector signal is likely to be time-integrated, and may not be able to resolve spreading of the particles around the propagation direction due to emittance.
All droplets with R < λ=2 follow a similar evolution, with the quantitative angular differences in angles stated by Eqs. (2) and (3). The final angular energy spectra for three relevant values of laser intensity, together with the spectra of the single bunches, are shown in Fig. 8 . According to the calculations for the outrunning time of an electron in the bunch with respect to the laser pulse, the stabilization on the final angle of emission takes a time which increases with the laser intensity; however, a representative picture can still be obtained at about 20 fs after the interaction. The highest intensity case is a peculiar one, since for the corresponding parameters Eq. (3) give a negative final angle, whose meaning could be interpreted as a leakage of the bunch toward the opposite direction constituting a further contribution to the electron emission across the x-axis. However, this cannot be directly inferred from simulations as the computational means required to follow the bunches until they decouple from the laser pulse-that is, for hundreds of femtoseconds or picoseconds are beyond the reach of this study. The energy spectra pictures confirm that the energetic electron emission remains close to the x-axis (Fig. 8): the spectra of the bunches are characterized by an increasing spread in energies at higher intensity.
E. Dependence on droplet size
For higher droplet sizes, i.e., λ=2 < R ≤ λ, the approximation R ≫ δ ¼ c=ω p is always valid regardless of induced transparency effects, and Mie emission is important for all intensities studied, causing the appearance of one or more secondary emission angles for energetic electrons, as predicted by the patterns in Fig. 4 . The 400 nm droplet represents a transition size, where Mie and scattering predictions are very close to each other in this case. For a 500 nm droplet, the dynamics is clearly different with respect to the smaller sizes: the laser pulse is strongly diffracted and diffused, both outwards and inwards; less than a quarter of the wave energy is propagating outward after hitting the cluster. The electric field and density plots for subsequent evolution times are shown in Fig. 9 , which shows a threefold early emission of underdense bunches (n b < n cr ) in agreement with Mie predictions as in Fig. 4 . The final electron energies are below 1 MeV, therefore insufficient for the overcoming of the Coulomb barrier; emission fronts are not further bent while passing through the outcoming pulse, therefore the angular spread is much higher than in the smaller droplet case (up to AE10°). The final emission shows therefore a wide distribution around Mie orientations. The extreme case of a 1 micron droplet (R ≈ λ) exhibits the same behavior, except for a complicated angular distribution due to the presence of many secondary maxima for field enhancement at the surface as predicted in Fig. 4 . In order to better compare this limiting situation with emission from smaller droplets, the number of emitted particles per bunch has been calculated and it was found to be two orders of magnitude smaller than the corresponding one in the 100 nm droplet case; these low density bunches only yield a total charge of a few fractions of pC, or a few pC for very high intensities (I L > 10 21 W=cm 2 ). The charge contained in the emitted bunches for small and large droplet sizes is summarized in Table I pulse may also counteract space-charge forces causing the bunches to spread in the far field, but we defer a detailed study to determine the maximum sustainable bunch charge for future work.
V. CONCLUSIONS
The emission mechanism of attosecond electron bunches from nanometer-sized droplets illuminated by a two-cycle laser pulse has been extensively studied, revealing a regime in which relativistic dynamics prevails over Mie optics in determining the final angular distribution of the bunches. The relevant condition R ∼ δ r ¼ c=ω r p is satisfied for sufficiently small droplet sizes and relativistic intensities (I > 10 19 W=cm 2 ), where induced transparency modifies the plasma frequency according to the relationship ω r p ¼ ω p = ffiffi ffi γ p , thus reducing the effective droplet extension to a few plasma skin depths. Under such conditions, the approximation for the existence of a proper bulk surface between the sphere and the medium is no longer valid and relativistic phenomena dominate through a combination of ponderomotive scattering followed by a subsequent bunch deviations as soon as they escape in vacuum. While the electrons run in phase with the laser pulse, space-charge forces and ponderomotive pressure combine to influence the final shape and traveling direction of the overdense bunches (n b > n cr ), which can reach very promising energies compared to the analogous ones produced by bigger droplets exhibiting a Mie-like behavior. In addition, they have a well-defined angular and energy distribution which can potentially be tuned for use in diverse applications such as generation of short-wavelength radiation and plasma diagnostics. Table of electron bunches charge properties as inferred from simulations, for the smallest (R ¼ 100 nm) and the biggest (R ¼ 1 μm) droplet, compared to the performances of other known attosecond bunch generation schemes. Apart from well-known ponderomotive acceleration, quite recent schemes such as REM and IFEL have been considered. The first consists of irradiating normally a solid nanofilm with an ultraintense femtosecond laser pulse, thus accelerating all the electrons in the laser spot simultaneously. The latter is an inverse-free-electron laser process, which can be coupled to a magnetic chicane in order to convert energy modulation into an optically spaced microbunch structure. In this way, stable attosecond electron bunches trains are formed. Total yielded charge ponderomotive acceleration [1] <1 pC REM single bunch [4] >10 nC IFEL microbunches [5] ≈1 pC
